Introduction
Raman spectroscopy, one of the representative spectroscopic methods of vibrational spectroscopy, 1 has attracted much attention because of its ability to distinguish among molecules with similar structures. Another representative vibrational spectroscopic technique is IR absorption spectroscopy. However, water shows strong absorption bands, hindering the observation of minor solute molecules. In contrast, the Raman scattering band of water is very weak.
Thus, Raman spectroscopy has been effectively applied for the analyses of aqueous solutions, especially in biological and environmental chemistries.
However, the demerit of the Raman spectroscopy is its inherently weak signal. 2 The most well-known enhancement technique for Raman signals is surface-enhanced Raman spectroscopy (SERS), 3 where molecules on the metal substrates show anomalous enhancement of the Raman cross-section. In SERS, specific nano-structures of the metal surface are believed to play crucial roles in the local but remarkable Raman enhancement. SERS effect has been applied to various sensors and its mechanism is still an intriguing scientific topic. In 1999, an electron-enhanced Raman scattering (EERS) effect was found in plasma formation experiments in liquid water. [4] [5] [6] [7] In the EERS, transiently generated electrons affect functional groups of molecules and change their polarizabilities, resulting in the anomalous enhancement of the Raman scattering cross-section. The most different point between SERS and EERS is the enhancement mechanism. The former involves the enhancement of the outer electrostatic fields due to the specific morphology of the metal surface. The latter involves the changes of the molecular polarizabilty itself by the interaction between the functional groups of the molecules and the transiently generated electrons.
In EERS, such enhancement effects can be remarkably observed for the OH group, where H atom (low electronegativity) and O atom (high electronegativity) have formed a covalent bond. This is because such highly polarized groups can interact with charged particles. In the case of OH groups, each H atom should be the strong binding site for an electron. Spectral features in the OH stretching region sensitively reflect the hydrogen-bonding network environments. Thus, we have applied EERS to analyze local changes in the hydration structures and hydrogen-bonding network environment in inhomogeneous environments such as water/air interfaces. [7] [8] [9] If such enhancement effects are also observed in IR absorption and in the lower frequency region for both Raman and IR absorption, electron-enhancement techniques are expected to extend the usual vibrational spectroscopy toward trace analyses and into studies of local but very important chemical reaction fields such as surfaces and interfaces.
Here Enhancement of the Raman scattering and IR absorption activities due to the electron-attachment was investigated for water systems by DFT calculations. DFT calculation of a 6-ring water cluster system that included the diffusive nature of electrons well reproduced the Raman enhancement effects and Raman shifts of the OH stretching modes observed in experiments. Based on the same model and calculations, enhancement of the IR absorption activity was also studied and was found to also be improved. Furthermore, the same calculation revealed that the enhancement can be also expected not only in the OH stretching but also in the lower wavenumber region. The enhancement factors for the various vibrational modes of the OH groups range from 10 2 -10 5 thanks to the electron addition. Based on the coincidence between the theoretical model and the experimental results for the Raman signals and theoretical prediction for IR absorption, new enhancement techniques based on an electron-attachment in both Raman scattering and IR absorption, denoted as "electron-enhanced vibrational spectroscopy (EEVS)", is proposed, where molecular polarizability itself is modulated by the strong electrostatic field induced by neighboring electrons. the enhancement technique for the observation of Ramaninactive analytes. Finally, the changes of the Raman and IR activities in the lower wavenumber region, that reflect collective motions of relatively large molecules such as proteins, were also investigated.
Experimental
To estimate the enhancement factors of Raman scattering and IR absorption of the OH band theoretically, we constructed a 6-ring water cluster model, where 6 water molecules form a cyclic configuration by hydrogen-bonds (Fig. 1) . The standard orientation of the 6-ring water system obtained here is shown in Table 1 . Then, DFT calculations were performed with basis sets 6-31++G**, B3LYP (Gaussian 03). 10 To take the diffusive nature of an electron into account, three sp functions were added to the 6-31++G** basis set of O atom. The orbital exponents of the three added sp functions are 0.028166667, 0.009388889, and 0.003129630. An enhancement factor is defined as the Raman (or IR) activity of the electron-attached species over that of neutral ones. The experimental result (Fig. 2 ) and its detailed conditions have been reported elsewhere; 5 thus, only brief conditions are noted here. The second harmonic of Nd-YAG pulsed beam (wavelength: 532 nm, pulse duration: 30 ps, 1 mJ/pulse) was focused into water in a supercritical cell. The spatial profile of the laser beam was nearly a Gaussian distribution. The focal length of the focusing lens was 50 mm. The maximum power density of the pulsed beam was greater than 10 14 W/cm 2 at the focal point and this is enough to generate plasma via multiphoton ionization followed by avalanche ionization.
At the very early stage of plasma generation, namely, before the phase transition from liquid to plasma (gas) phase, stimulated Raman scattering (SRS) of water molecules was efficiently induced by the excess electrons and occurred in the forward and the backward directions with respect to the excitation beam axis. [5] [6] [7] Both the forward and backward SRSs for the same excitation event were collected by an optical fiber and measured by a spectrometer (JASCO CT-25CS) and a streak camera (Hamamatsu Photonics C4334).
Results and Discussion
At first, changes of the Raman activity were calculated when the total charge of a single water molecule was varied among +1 (electron-detached), neutral, and −1 (electron-attached). Table 2 shows the results. When an electron is detached, the Raman activity was about a half of that of neutral one. To the contrary, when an electron is attached, the Raman activity was found to be drastically increased, about 2.7 × 10 3 times that of the neutral one. These results indicate that the change of a charge distribution drastically affects the Raman activity. When an electron is attached to a water molecule, its Raman activity was remarkably enhanced.
To explain the Raman enhancement observed in the liquid water, we constructed a 6-ring water cluster model taking the diffusive nature of an electron into account. The reasons for the studying the 6-ring water cluster model are as follows: (1) Most of the water molecules in the liquid phase participate in 5-ring and 6-ring hydrogen-bonding network structures. 11 ( 2) The properties of water clusters are close to those of liquid water when the number of the water molecules is six. 12 (3) As mentioned later, the theoretically obtained wavenumber of the Raman shift coincides well with that observed in experiments. The optimized structure of the 6-ring water cluster is shown in Fig. 1 Optimized structure of the 6-ring water model that well represents the wavenumber and the shift observed in the experiment. Change of the charge density is also presented. Increased part is shown as a gold clouds and decreased one is in purple. Table 3 . Figure 2 shows the observed spectra of the forward SRS and the backward one. 5 The forward SRS spectrum was dominated by the neutral species. In contrast, the backward SRS one was dominated by the electronattached species. Since excess electrons generated at the very early stage of the plasma formation strongly scatter the excitation beam, the drastic increase of the excess electrons due to the avalanche ionization dominantly occurs in the backward region with respect to the excitation beam axis. 7 When excess electrons were generated in liquid water, the wavenumber of the OH symmetric stretching vibrations at around 3400 cm −1 decreased to 3380 cm −1 . The results of the theoretical calculation of the OH symmetric stretching vibrations coincide well with the experimental results. As a reference, peak positions of water hexamer anion (H2O)6 − obtained by photodetachment experiment are shown in Fig.  2(b) . 13 The good coincidence of the peak positions between the EERS spectrum in liquid water and the photodetachment spectrum of water hexamer anion (H2O)6 − also supports the assumption that the electron-attached water hexamer model will provide a simple but quantitative model for the study of electron-attached water molecules in the liquid phase. The estimated Raman enhancement factor was about 200 times larger than that of neutral species when an electron was attached. It should be noted that the contribution from the positively charged water molecules (H2O + ) can be negligible, because the theoretical Raman activity of the positively charged water molecule is lower than that of a neutral one, as previously mentioned.
Next, we studied whether such enhancement can be also observed in IR absorption or not. In addition, we investigated whether the enhancement can be also expected in the lower wavenumber region (<600 cm −1 ). Table 4 shows the Raman and IR enhancement factors of various kinds of the OH group vibrational modes. We found that enhancement of the IR absorption can be also expected in the OH stretching vibrational region. Furthermore, such enhancement is also expected in the lower wavenumber region for both Raman scattering and IR absorption. Especially, Raman enhancement is remarkably increased in the lower wavenumber region. As the reason for the enhancement of the Raman scattering and IR absorption of the OH groups, we claim that the interaction between a negatively charged electron having a diffusive nature and a positively polarized H atom should play a dominant role. Raman scattering cross-section and IR absorption activity are affected by an induced dipole and a permanent dipole, respectively. When H atoms are attracted by the electrons, polarizability of the OH groups should increase because the dipole strength of the OH groups is enhanced. In addition, as a free electron can be modulated by the electrostatic fields of the laser beam, induced polarizability might be also enhanced. In SERS, the main enhancement mechanism is the local enhancement of the laser electrostatic field due to the specific morphologies of metal surfaces. To the contrary, EERS is derived from the change of molecular polarizability itself by the electron interactions. Applications of the enhancement technique to the analyses for the minor species in restricted environments, such as nano-spaces and interfaces, and to the other functional groups such as CH groups in organic molecules are underway.
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Conclusion
We studied the Raman scattering and IR absorption enhancement of the water molecule system when an electron is attached by constructing theoretical models and performing DFT calculations. The DFT calculation taking into account the diffusive nature of the electron well represented the Raman enhancement effect observed in the OH stretching mode. Furthermore the same model and DFT calculations indicated that such enhancement is also expected in the IR absorption and the lower wavenumber region in both Raman scattering and IR absorption. The enhancement factors were estimated as 10 2 -10 5 . Based on these results, we are now trying to develop new instruments that can induce both Raman enhancement and IR absorption in combination with simpler and milder electron injection techniques. These results will be reported elsewhere. a. E.F., Enhancement factor compared to the band intensity of neutral species. b. Average of the wavenumber region from 3640 to 4000 cm −1 . c. Average of the wavenumber region from 3000 to 3620 cm −1 .
